Defects that propagate from the inside of a structure can be difficult to detect by traditional non-destructive inspection methods. A non-contact inspection method is presented here that uses the near-field interactions of ultrasonic Lamb waves to detect defects propagating into a 1.5 mm thick aluminium sheet from the opposite side to that which is inspected. Near-field interactions of the S0 Lamb waves with the defects are shown to give rise to a characteristic increase in the wave magnitude, which is used to position and characterise these hidden defects. It is shown that such defects are difficult to detect from a study of their influence on ultrasonic transmission alone. Single defects of different depths, and systems of multiple defects with varying separations and relative depths, are successfully detected in both experimental trials and FEM simulations. Reliable single defect detection is achieved for defects with a minimum depth of 30% of the plate thickness, and resolution of multiple defects is achieved for defect separations of 5 mm.
Introduction
Early detection of cracking in industrial applications allows replacement of the faulty part, preventing component failures which are costly both in economic and environmental terms [1] . Surface-breaking cracks, such as defects caused by stress-corrosion cracking (SCC), in which defect growth occurs when a material is placed under stress in a corrosive environment, are of concern in industrial pipework and chemical storage systems [1] [2] [3] [4] . SCC defects typically have a size scale of several millimetres with a complicated branched structure, and can occur singly or in groups of defects located close together [1] . Such defects are traditionally detected using dye penetrant inspection, however, the application of this technique requires extended downtime of the system under test as the inspection cannot be done during operation [5, 6] . Dye penetrant inspection also requires direct access to the damaged surface and so success is limited when access to the object under test is restricted. Radiographic inspection can also be employed to detect these types of defects, however, safety concerns arising from the use of ionising radiation can limit the application in industrial settings [7] .
Email address: r.s.edwards@warwick.ac.uk (R.S. Edwards) Ultrasonic inspection is an attractive alternative to dye penetrant inspection, however, conventional piezoelectric ultrasonic transducers require the use of couplant, and as such have a limited capacity for scanning large samples or at elevated temperatures [4, [8] [9] [10] . The use of non-contact ultrasonic generation and detection methods, such as laser ultrasonics [11] and electromagnetic acoustic transducers (EMATs) [12] removes the need for couplant, and thereby provides the potential to perform simple scanning inspections on components [13] .
The use of ultrasonic waves with displacements throughout the thickness of a material, such as Lamb waves in sheets and guided waves in pipes [14, 15] , enables inspection of areas of the system that cannot be accessed directly, such as the internal surface of a pipe [8, 16] . Several long-distance ultrasonic inspection methods exist that monitor in the defect far-field (defined as the region starting at a distance of several wavelengths away from the defect [17] ) through changes in the reflection or transmission of guided waves as they interact with surfacebreaking defects, and these methods are capable of estimating the position and depth of defects over a distance of several metres [8, 9] . However, the reflectivity of small, shallow defects is low, which restricts the size of defects that can be detected by this far-field approach. The am-plitude of the wave that is transmitted past a defect can also be used to estimate depth; a larger reduction in amplitude indicates a deeper defect [18] . However, when the defect is very small or not orientated perpendicular to the direction of wave propagation, detection can be difficult to achieve for a detector located far away from the defect, as diffraction around the defect can prevent changes in transmission from being observed [8] . In addition, SCC defects are not a singular occurrence and often multiple defects occur in a component, each of which may grow to a different depth [1] . Interaction of ultrasonic guided waves with these clusters of defects offers significant complexity to the measurements, for example due to the reduced amplitude for reflected waves from later defects. Interactions therefore tend to be dominated by the relative depth of the defect that is first encountered by the incident wave, and the defect separation [19] , with overall transmission tending to be dominated by the deepest defect [18] . An alternative to these far-field studies is the use of a scanning inspection system to monitor changes in the ultrasonic propagation as and when they occur, thereby minimising the influence of issues such as diffraction around small defects or low defect reflectivities [20] [21] [22] [23] [24] . The most distinctive near-field effect is the enhancement of an ultrasonic surface wave, which is observed when an ultrasonic source or detector is scanned directly over a defect (figure 1).
Near-field enhancements
The enhancement of surface waves has been observed for Rayleigh [20, 21] and Lamb waves [22, 23] , for surfacebreaking defects which propagate into the sample from the side which is inspected. When a detector is scanned over such a defect, constructive interference between the incident wave mode (Rayleigh or Lamb) and wave modes that are reflected and mode converted at the defect gives rise to a characteristic increase in the signal amplitude, and an increase in the magnitude of individual frequency components of the incident wave [20] [21] [22] . A similar mechanism is responsible for the enhancement when the ultrasonic source is passed over the defect, with additional contributions when using laser ultrasonics arising from changes in the boundary conditions and spatial profile of the laser generation source at the defect [21, 23] . When using Lamb waves, mode conversion can occur between all of the wave modes that are supported at the frequency-thickness of inspection, with more modes available at higher frequency-thicknesses [22, 25] . Following interaction, these waves propagate away from the defect with velocities determined by the mode (shown in figure 2), and enhancement is only observed close to the defect when these reflected and mode converted waves arrive within the same time window as the incident mode [22] .
The location at which the enhancement occurs can be used to determine the position of the defect [22, 24] . In addition, the magnitude of the enhancement has been used to give an estimate of the severity of the defect, with a larger enhancement indicating a more severe defect due to the larger reflections [22] [23] [24] . The remote, non-contact nature of laser ultrasonics and EMAT inspection allows for the scanning inspection that is essential for these measurements, however, the high spatial resolution offered by laser ultrasonics makes it the ideal candidate for near-field inspection [24] .
Previous studies have examined the enhancement of guided waves as the laser detector or source is passed over a surface-breaking defect that propagates into the surface of the material from the inspection side (figure 1a). However, many defects can propagate outwards from the inside of a structure, such as a pipe or storage tank, and leave no visible indication of the defect on the outer surface of the structure; this situation is similar to that shown in figure 1b. The present study identifies near-field ultrasonic enhancements arising from defects that propagate into the material from the far side of the structure, relative to the testing surface, and demonstrates how these enable positioning and characterisation of such hidden defects. The near-field interactions with multiple hidden defects, where two closely-spaced defects are present, are shown as the defect separation and the depths of the defects relative to one another are varied.
Methods
Inspections were performed on 1.5 mm thick aluminium plates (300 x 300 x 1.5 mm) into which artificial defects with a v-shaped side profile (figure 3) were cut by laser micro-machining. Defects of length 25 mm and of different depths, d, were produced (ranging from 5% ≤ d ≤ 100% of the through-thickness of the sheet) at a position such that reflections from the sheet edges were minimised. The v-shaped profile was chosen as a simplified representation of the opening part of a SCC defect, and the average defect opening width was 282 ± 16µm. Inspection in the near-field of the defect was carried out by scanning both the source and detection lasers over the undamaged side of the plate such that the detector passed over the defect region. The scanning was performed using a linear stage with a scan step of 0.05 mm.
Generation of ultrasound used a pulsed Q-switched Nd:YAG laser (1064 nm wavelength, 10 ns rise time), operating in the thermoelastic regime to limit sample damage, focused to a spot with 2 mm diameter to give a broadband ultrasonic source with significant frequency content in the range of 0.1 -6 MHz [11] . Both symmetric and antisymmetric Lamb waves were excited, with velocities dependent on the frequency of the excitation and the thickness of the sheet [25] . Detection of ultrasound was carried out using a two-wave mixing interferometer (1550 nm wavelength) from Intelligent Optical Systems (IOS) [26] , which provides a measure of the outof-plane displacement on the material surface. The IOS detector has a spot size of 200 µm, allowing for high spatial resolution when scanning. The generation and detection lasers were held at a fixed separation in order to simplify the interpretation of the multi-modal ultrasonic signals received, and to minimise the influence of attenuation [22, 23] . In addition to the experimental measurements, a series of 3D finite element method simulations were carried out using PZFlex. Simulated v-shaped defects of different depths in 1.5 mm thick sheets were studied by using a dipole force located a fixed distance away from the defect to simulate the laser generation. The out-ofplane displacement at the nodes on the undamaged side of the sheet, for a line passing over the mid-point of the defect, was recorded in a similar fashion to the experimental data. A fixed separation was not maintained in the simulation as the calculation of new boundary conditions at each new source location is very time consuming. The element spacing in the FEM simulations was 0.1 mm.
Results

Single defect
A-scans were recorded at each scan position and adjacent scans were stacked to form B-scans, with an example B-scan shown in figure 4 and A-scans in the lower panels of figure 5. Negative detector position on the Bscan corresponds to both the detector and generator positions being on the same side of the defect, prior to in- teraction (measuring incident and reflected waves); positive detector positions here correspond to the generator and detector being on opposite sides of the defect (measuring transmission). The scan was performed perpendicular to the defect, as shown in figure 3 , to simplify the analysis.
For the frequency-thickness region of interest, the only supported wavemodes are the S0 and A0 waves. These are broadband with a central frequency of 1.05 MHz, and the exact arrival times depend on the velocity for each frequency (figure 2) [25] . Incident S0 and A0 modes have constant arrival time during the scan (figure 4). Reflected and mode converted waves have a varying arrival time, with several such waves visible on the B-scan. When the incident S0 mode interacts with the defect it will undergo several processes; reflection of the incident wave to produce a backwards travelling S0 wave, transmission forwards under the defect, and mode conversion to other modes that are supported at the same frequency-thickness, in this case an A0 wave, which will propagate both forwards and backwards from the defect [22, 28, 29] . These interactions are shown schematically in figure 6 .
Full identification of the wavemodes present requires use of time-frequency techniques to identify overlapping modes. However, by taking the central frequency as being dominant, an approximate identification of the waves on figure 4 is possible. For the central frequency velocities are 5110.1 ms −1 for the A0 mode and 3160.9 ms −1 for the S0. The incident and transmitted S0 modes arrive at approximately 10 µs, with low amplitude (these have predominantly in-plane motion [25] , while the detection system is sensitive to outof-plane displacements). In the negative position region, corresponding to incident and reflected waves, a strong mode-converted S0-A0r mode is observed, arriving a time ∆t S 0−A0r = |x|(1/v A0 + 1/v S 0 ) after the incident S0 wave, where v A0 is the velocity of the A0 mode, v S 0 is the velocity of the S0 wave, and x is the detector position relative to the defect. A weaker S0-S0r is also observed, but with much smaller amplitude due to being primarily in-plane. Following transmission (positive detector positions) the S0-S0 transmitted mode continues to arrive at around 10 µs. However, the arrival time of the S0-A0 transmitted mode varies depending on the distance of the detector from the slot (and hence how far the wave propagates as an S0 and as an A0 wave), with the time-varying arrival time occurring a time ∆t S 0−A0t = x(1/v A0 − 1/v S 0 ) after the S0-S0 transmitted wave. The defect position is shown by the point at which these reflected and mode-converted waves originate (detector position of 0 mm).
Individual Lamb modes and their frequencydependent behaviour can be fully identified by using a sonogram time-frequency representation, which is Figure 6 : Interactions of the incident S0 wave encountering a hidden v-shaped defect. Subscript i corresponds to an incident wave, r is a reflected wave produced at the defect, and t is a wave transmitted past the defect.
created by splitting the time-domain data into many equal sized sections and producing a Fourier transform of each [27] . The theoretical arrival times of individual modes are overlain onto the sonograms to enable identification of modes, producing figures such as figure 5 [22, 23] . Initial investigations were carried out on sheets that contained a single isolated defect, with experiments and simulations performed with the detector scanned across the undamaged side of the sheet, as shown in figure 1b. Enhancements were observed at several frequencies and arrival times on the sonograms, corresponding to interactions of different modes with the defects; see, for example, the increased magnitude in the windowed region of figure 5a compared to that on figure 5b. Enhancement of the S0 mode was chosen for full analysis as it corresponds to the earliest arriving incident Lamb wave at the detector, arriving at approximately 10 µs in figure 4 , and it can, therefore, be studied without interference from other modes in a defect free sheet. For a sheet containing defects, any changes that occur in this region are caused by interactions between the incident S0 wave and those waves reflected and mode converted at the defect.
The maximum magnitude of the sonogram was measured in a chosen region corresponding to the incident S0 mode, at frequency-thicknesses between 0.75 -1.35 MHz.mm, and arrival times (for the fixed experimental source to detector separation) between 9.75 -11.6 µs. This region is shown by the dashed box on figure 5 . By tracking the peak magnitude in this region during a scan, variations in the chosen wavemode can be identified. This variation in the magnitude has previously been used to characterise the 'amount' of that wave which is present at a given detector position [22] [23] [24] . An example of the variation of the magnitude during a scan for the chosen S0 wave, incident on a 50% throughthickness defect, is shown in figure 7 for experimental (a) and simulated (b) data. In the experimental data (figure 7a), the left hand region has a steady average magnitude, showing that the magnitude comes from the incident wave only. The right hand region (where the source and detector are on opposite sides of the defect) shows the magnitude of the S0 wave returning to the pre-defect level due to diffraction underneath and around the defect, highlighting the difficulty in using changes in transmission to characterise small length defects when measuring in the far-field. The model data shows a similar behaviour, with an overall downward slope due to the spread of the wave front as the separation of generation and detection points increases.
When the detector is in the near-field of the defect, defined here as when the detector is within ±4 mm from the defect midpoint, interactions between reflected, transmitted and mode-converted waves occur. Between detector positions of -4 and 0 mm, the reflected and mode converted waves arrive within the same time window as the incident S0 wave, leading to wave superposition and interference [22] (also shown on the B-scan, figure 4 ). In the region of the scan in which this interference occurs, the reflected and mode converted waves change arrival time and phase relative to the incident S0 wave as the distance to the defect changes [28, 29] , with regions of constructive and destructive interference observed. This is shown by the distinctive pattern of multiple enhancement peaks in figure 7 . The enhanced signals are over twice the magnitude of the incident S0 wave and give a clear indication of the presence of a defect.
The interactions of the incident S0 mode with the defect are shown schematically in figure 6 ; this shows reflection of the incident wave to produce the reflected (backwards travelling) S0 wave, a transmitted (forward travelling) wave, and mode-conversion to other modes supported at this frequency thickness, in this case an A0 wave. This propagates both forwards and backwards from the defect, with the arrival times dependent on the velocities [22, 25, 28, 29] . At certain points in the near-field, the phase difference between incident and reflected / mode-converted waves is small, giving constructive interference and an increased signal magnitude. At other points, the waves are out-of-phase with the incident wave mode, such that destructive interference can occur; this produces the drops in magnitude at a detector position of -1 mm in figure 7 . The main enhancement peak (peak 1) is observed very close to 0 mm on the scan, where the modes interfere constructively; the second peak is observed at -2 mm when the reflected and mode converted waves again come into phase with the incident mode [22, 25] . When the detector moves past the defect the waves that are present in the time window analysed are the transmitted S0 wave and the forward travelling mode converted A0 wave [28, 29] . These interfere constructively, as before, giving rise to the broader peak centred around a detector position of 5 mm in figure 7a. Following transmission there is only a slow change in the relative phase difference between the two modes, allowing them to stay in phase over a longer distance; there is no path difference between transmitted S0 and A0, and the shape of the enhancement peak is due to the different velocities and phases of the modes.
To quantify the enhancement an enhancement factor E f is calculated [22, 23] , and is found for the enhancement peaks shown at detector positions of -2 mm and 0 mm in figure 7 . E f is given by the ratio of the enhanced magnitude, E Enhanced (the peak magnitude), to the magnitude that is present when there is no defect, E NoDe f ect (taken from the far-field incident wave for the experiments, and considering the attenuation for the models),
The S0 enhancement factor is found to vary as a function of defect depth and is shown in figure 8 for enhancements measured at both positions. The enhancement factors increase with increasing defect depth for both experimental (figure 8a) and simulated data (figure 8b) . This increasing enhancement factor is caused by the increase in the reflection coefficient of the S0 wave and the increase in the amount of mode conversion to A0 waves experienced at deeper defects [28, 29] . The enhancements observed in the simulations are slightly larger than their experimental counterparts as they are recorded on a single point node, whereas the experimental data is averaged over the 200 µm diameter detector spot, but follow the same trend.
A measure of the severity of the hidden defect can be obtained from the magnitude of the enhancement factor. This can be assessed from either enhancement peak, as long as the choice of peak is consistent between inspections, or by considering both together to allow for variations in the reflection coefficient due to crack roughness. The pattern of the enhancement peaks shown in figure 7 is consistent between defects of different depth, and hence the hidden defect can be positioned by the location at which the central enhancement peak occurs. This is particularly important for the detection of hidden defects where there is no visible sign of a defect on the material surface.
Multiple defects
In many occurrences of SCC the material will develop defects at multiple locations [1] . Each crack will contribute to the failure of the component, and hence reliable detection and resolution of multiple hidden defects and a measure of their relative depths and positions is of interest.
Investigation into the near-field interactions between an incident S0 wave and multiple hidden defects was carried out using FEM simulations to allow investigation of a wide range of defect combinations. Figure 9 shows the simulation set-up used to investigate a pair of defects, both with a depth of 50% of the sheet thickness (1.5 mm), with separation x. This separation was varied between x = 0.2 mm (corresponding to when the two defects are effectively conjoined) and 12 mm. The same data processing procedure as for the single defects was performed, and the variation in the sonogram magnitude for each scan is shown in figure 10 .
For small separations between the two defects (less than 1 mm) the pattern of near-field enhancement of the S0 wave is very similar in form to that of the single defect, with the first visible differences arising at a separation of 1 mm. At this separation the overall enhancement shows interference between two sets of near-field enhancements, both of which resemble the single defect shape, with a small offset from one another. The interference between these enhancements makes it difficult to determine the depths of the defects using the calibration obtained from the single defect measurements, however, it can be surmised from the pattern that the defect is more complex than a single defect. As the defect separation increases it becomes possible to resolve two clear near-field enhancements, each one associated with a defect, and for the 50% defects used here two separate enhancements are clearly resolvable for defect separations of 5 mm and larger.
The first enhancement follows the same mechanism as for a single defect. The second enhancement is created by the same interference mechanism, however, the wave incident on the second defect is comprised of the transmitted S0 wave and the forward travelling component of the mode converted A0 wave from the first defect, shown in figure 11 . This leads to an increased complexity of the signal analysis when the defects are close together and both of these wavemodes arrive in the time window for analysis (i.e. the second enhancement lies on top of the peak following transmission, centred around 5 mm on figure 7 ). When the detector passes over the second defect these additional mode conversions must be considered, providing additional contributions to the enhancement [28, 29] , with interactions shown in figure 11b. These additional wave modes provide varying contributions to the enhancement as the separation increases, as the increased propagation distance leads to a varying phase difference with respect to the Figure 10 : Variation in the sonogram magnitude of the studied S0 wave for two defects that are 50% of the throughthickness of the sheet, for increasing separation between the defects. S0 wave of interest, meaning that at some positions their interactions will be more constructive in nature, and at other positions destructive. This will affect the analysis for defect separations of 7 mm or less (see velocities in figure 2 and the width of the enhancement peaks in figure 10 ).
For single defects the near-field enhancement varies with defect depth, and this variation can also be exploited in order to determine the depths of multiple defects relative to one another for certain separations. The near-field enhancement of the S0 wave was examined for two different defect separations, x = 1 mm and x = 5 mm, for varying depths, giving poorly resolved (1 mm) and almost resolved defects (5 mm). One of the defects was fixed at 50% of the sheet thickness and the other defect was varied in depth, between 10% and 90% of the sheet thickness, with the detection encountering the 50% defect first (figures 12a and 13a for 1 mm and 5 mm separations respectively), or second (figures 12b and 13b).
Figures 12a and 12b (separation of 1 mm) show small variations in the structure of the enhancement peaks when compared to those for a single defect (figure 7b), with the behaviour dominated by the larger defect in each case. Once the correct enhancement peaks are identified, a general trend in the behaviour is again observed, with larger enhancements with increasing defect depths.
The increasing enhancement with defect depth when the deeper defect is encountered first is due to the increased contribution to the enhancement from the A0 r1 and S0 r1 waves (figure 11a) as the defect depth increases, as for the single defect case [22, 28, 29] . This leads to a subsequent decrease in the magnitude of the S0 t1 and A0 t1 modes interacting with the second defect, reducing the enhancement that can be observed from the second defect.
When the smaller defect is encountered first, the amplitude of the transmitted waves A0 t1 and S0 t1 can be large, and therefore larger magnitude additional reflections can be produced (e.g. S0 t1 -S0 r2 and A0 t1 -A0 r2 ) which contribute to the enhancement at the second defect. This leads to the large enhancement observed at the second defect position in figure 12 when the second defect is deeper than the first. The presence of the smaller initial defect can still be observed by the deviations of the enhancement pattern from the single defect case. To obtain a more complete idea of the defect depths relative to one another a scan can be performed from both directions.
In figure 13 , for 5 mm separation, it is possible to determine two different enhancements for all permutations of the two defects; note that the second enhancement occurs in addition to the transmission enhancement peak (centred around 5 mm on figure 7 ). The separation means that both transmitted modes will still affect the overall enhancement at the second defect, however, both sets of enhancement peaks have the same structure as the single defect enhancements shown in figure 7 . An estimate of the defect positions can be made by the location at which the central peaks occur.
The enhancement factor for a single simulated 50% depth defect was found to be 1.72 (figure 8b). For the cases in figure 13a where the first defect encountered is 50% of the sheet thickness, the enhancement from this 50% defect was found to be consistent for the double defect geometry. However, the presence of the initial 50% defect had the effect of increasing the enhancement fac- Figure 12 : Variation in the sonogram magnitude of the S0 wave in the region of interest for two hidden defects separated by 1 mm when the detector first encounters a fixed 50% depth defect followed by a defect of varied depth (a), and when the detector encounters the fixed defect second (b).
tors for the second, variable depth defects, due to the presence of the transmission enhancement, with an increase in the enhancement factor from 1.10 to 1.41 for a 10% defect and 2.19 to 2.96 for a 90% defect. The significance of this increased enhancement at the 5 mm separation can be highlighted by comparing the 10% then 50% defect pairings from figures 12 and 13; the smaller defect was undetectable for the 1 mm separation, but clear for the larger separation.
When the 50% depth defect is the second defect encountered the enhancement factor for this defect was found to increase to above the single defect value of 1.72, for the same reason as the increase in enhancement discussed above. A larger increase was seen for a deeper initial defect, with the 50% depth defect enhancement factor increasing to 2.14 for a 10% depth first defect, to 2.58 for a 90% depth first defect. Figure 13 therefore shows that, although enhancement factors can be found for each defect at a separation of 5 mm, the presence of multiple defects can act to alter the magnitude of the ob- Figure 13 : Variation in the sonogram magnitude of the S0 wave in the region of interest for two hidden defects separated by 5 mm when the detector first encounters a fixed 50% depth defect followed by a defect of varied depth (a), and when the detector encounters the fixed defect second (b). served enhancements when compared to the single defect case. The nature of the changes to the enhancement are dependent upon which defect is encountered first, and so to obtain as much information about the defect system as possible the sample should be scanned from both directions. However, the enhancements can still be used as a guide to approximate the defect sizes, and for separations of 7 mm or larger at this analysis frequency range, when the enhancement patterns are clearly separated, the sizing regains accuracy.
Conclusions
It has been shown that near-field ultrasonic enhancement of a fundamental symmetric Lamb wave incident on a hidden defect can be used to position the defect and obtain an estimate of its severity. The successful identification of multiple defects has been shown for two defect systems for a variety of different separations between the defects and for defects of different relative depths. The near-field scanning technique is especially useful for resolution of individual defects within a defect cluster, which can be difficult to achieve using farfield methods.
The detection of hidden defects by this method is of particular merit when compared to the traditional dyepenetrant approach, which can only be applied to an accessible surface. Higher resolution would be possible by using pulses of higher frequency and shorter time duration, however, care must be taken to avoid increasing the complexity of the signals by allowing the presence of more than just the fundamental S0 and A0 Lamb wave modes. The near-field inspection method could be used in conjunction with a long range guided wave method, where the far-field inspection could be used to provide the approximate location of a defect cluster before the near-field inspection is used to quantify the nature of the defects within that cluster.
